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Abstract 

A comparative photoluminescence analysis of as-prepared and chemically modified (by alkyi chains -C18H37) silicon 
and carbon nanoparticles dispersed in low-polar liquids is reported. Influence of the low-polar liquid nature and 
ambient temperature on photoluminescence of the nanoparticles has been investigated from the point of view of 
their possible application as thermal nanoprobes. 
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Background 

Low- dimensional structures present considerable inter- 
est for researchers because of their new and unique op- 
tical and electronic properties in comparison with bulk 
materials. For example, various nanoparticles (NPs) are 
involved in different applications such as electronics [1], 
photovoltaic [2], biology [3], liquid crystals [4] etc. 
Photoluminescence (PL) is one of the important phe- 
nomena taking place in semiconductor NPs. It is very 
sensitive to various experimental conditions, such as 
molecular ambient environment, temperature, pressure, 
and so on. In particular, thermally induced PL effects are 
of special interest for temperature probing at nanoscale 
in various media. For example, different materials are 
reported to be used as thermal-sensitive nanoprobes [5] 
and nanothermometers [6]. 

A comparative analysis of the influence of high- and 
low-polar liquids (LPLs) on PL of Si NPs has already 
been reported [7]. The low-polar liquids were reported 
to be used instead of the high-polar liquids in order to 
prevent PL quenching of the NPs. However, stable col- 
loidal solutions of the as-prepared Si NPs could not be 
obtained in LPLs because of their oleophobic surface. 
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Thus, surface chemical modification of the NPs by dif- 
ferent alkyl groups can be the simplest way to overcome 
this problem [8]. 

In this work, we have studied the influence of LPLs, 
ambient temperature, and continuous laser irradiation 
on PL behavior of Si and C NPs in view of their 
temperature-sensing applications. 

Methods 

Chemical anodic etching of p-type lO-H cm (100)- 
oriented Si wafer has been used for the preparation of 
nano-Si powder. Silicon substrate was etched in a solu- 
tion containing 1:1 volume mixture of HF (48%) and an- 
hydrous ethanol. Anodic current density was 45 mA/ 
cm^, and etching time is 50 min. A permanent stirring 
of the etching solution was applied in order to evacuate 
hydrogen bubbles formed during the etching process. 
The anodization was performed in a Teflon cell with a 
copper electrode as a backside contact. The counter 
electrode was made of platinum. After the etching, a 
highly porous network constituted by numerous inter- 
connected nanocrystals was formed. The sample was 
washed with anhydrous ethanol several times, dried in 
ambient air, and then scratched out from the wafer. 
Mechanical dry grinding of the formed free nanoporous 
layer transformed it into a powder state. 

Thermal hydrosilylation approach, described in details 
in the review [9], was used for the grafting of alkyl 
groups (-C18H37) onto the surface of Si nanoparticles. 
Freshly prepared powder (30 mg) was treated with 
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1.5 mL of 1-octadecene at 150°C for 16 h under mag- 
netic stirring in N2 atmosphere. The reaction mixture 
was cooled to room temperature and centrifuged for 
10 min at 20,000 to remove large particles. 

Photoluminescent C NPs with the surface substantially 
covered with carboxylic acid groups were prepared by 
means of electrochemical dissolution of SiC wafers. To 
functionalize their surface with -C18H37 groups, the pow- 
der of C NPs was refluxed for 1 h with the excess of octa- 
decylamine C18H37NH2 in anhydrous o-xylene; according 
to FTIR data, the amide bonds are formed between C 
NPs and C18H37NH2. The liquid was then slowly distilled 
out (in the stream of N2, bath temperature did not ex- 
ceed 155°C); afterwards, a small portion of o-xylene was 
added and distilled out to remove residues of H2O which 
form the reaction mixture. To workup alkylated carbon 
nanoparticles, residue after solvent evaporation was 
redispersed in f2-hexane and extracted several times by 
0.5 mol/L HCl in methanol to remove excess of 
C18H37NH2, then washed twice with H2O, centrifuged 
(20,000 x^, 2 X 10 min) to remove any products, insoluble 
in hexane, than the hexane solution allowed to evaporate 
and dried in air at 85°C. Brown waxy residue of alkylated 
C NPs is readily dispersible in non-polar solvents. 

Photoluminescence excitation of all NPs was per- 
formed by means of argon-ion laser with excitation 
photon energy at 2.54 eV. The laser spot area was about 



10"^ cm"^. Additionally, laser diode with the excitation 
photon energy at 3.62 eV has been used for the excitation 
of C-C18H37 NPs. All colloidal solutions of the NPs were 
put in a UV transparent quartz cuvette in a volume of 
1 mL. Temperature dependence PL measurements were 
carried out using ViscoTerm VTIOO temperature cell 
(VISCO Pump & Seal Group, Brooklyn, Victoria, Australia). 
In this case, the colloidal solutions were placed in a 
special sample holder. HORIBA Jobin Yvon (Edison, 
NJ, USA) iHR-320 monochromator was used for 
spectral decomposition of the PL signal. The PL 
spectra of the colloidal solutions were detected by 
nitrogen-cooled CCD camera HORIBA Symphony 
1024x256 (HORIBA Jobin Yvon Edison, NJ, USA). 
All PL spectra were corrected using the spectral re- 
sponse function of the whole experimental setup. 

Results and discussion 

Figure 1 illustrates the influence of surface chemical 
modification by alkyl groups of silicon (Figure 1A,B) and 
carbon (Figure 1C,D) NPs on their PL properties and 
quality of their dispersion in hexane. For the as-prepared 
NPs, no PL spectra are observed if the excitation is ap- 
plied in the center of solution volume (Figure 1A,C), 
while typical PL spectra of Si and C NPs were detected 
for the case of the excitation of the solution bottom 
(Figure 1B,D). Quite broad (360 meV) full width at half 
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Figure 1 Room-temperature PL spectra of NPs in hexane. Si (A), Si-CisHsy (B), C (C), C-C18H37 (D) NPs in liexane collected for an excitation of 
the solution volume in the bottom and in the center. The spectra in (B) and (D) were vertically stacked for clearness. The insets in (B) and (D) 
show, respectively, red PL of Si-CisHgy and orange PL of C-C18H37 NPs. Excitation energy is 2.54 eV. 
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maximum of these spectra corresponds to relatively large 
size distribution of the studied NPs. The observed very 
poor dispersion of the as-prepared Si and C NPs in hex- 
ane can be explained by their oleophobic surface chemis- 
try leading to their accumulation at the solution bottom. 
In contrast, oleophilic surface chemistry of the NPs 
achieved by means of alkyl groups allows their efficient 
in-volume dispersion in LPLs. Indeed, as one can see, 
the PL spectra of the colloidal solutions based on both 
Si-CigHsy and C-C18H37 NPs are independent on the 
excitation position of the solution volume (Figure 1B,D) 
in which they are homogeneously dispersed. 

It is worth to note that the performed surface chemical 
modification by the same alkyl groups impacts differ- 
ently surface states of the Si and C NPs and, conse- 
quently, their original PL spectra. As one can state, 
the red (110 meV) and blue (160 meV) shifts of the 
PL maxima occur for Si and C NPs, respectively. This 
fact can be explained by different influences of the 
grafted -C18H37 groups on density of the band tail elec- 
tronic states (surface states) involved in radiative transi- 
tions of the charge carriers photogenerated in the 
studied NPs. In particular, the surface chemical modifi- 
cation by alkyl groups leads to increase of this state 
density for Si NPs and to its decrease for C NPs. 

Photoluminescence spectra of the Si-CigHsy and 
C-C18H37 NPs in air and in different LPLs (hexane 



and squalane) are shown in Figure 2A,B, respectively. 
Significant difference between maximum positions of 
the PL spectra of both types of NPs in air and in 
LPLs can be stated. Blue shifts of the PL maximum 
energy positions of about 190 and 120 meV occur, re- 
spectively, for Si-CigHsy and C-C18H37 NPs dispersed 
in the LPLs in comparison with the PL spectra 
acquired in air. Besides, one can note that the PL 
spectra of the NPs in hexane and squalane (as well as 
in decene and octadecene, not shown in Figure 2) are 
identical. It means that neither chemical composition 
nor slight difference of dielectric constants of the used 
LPLs do not influence at all the PL behavior of the 
NPs. Furthermore, a remarkable broadening of the PL 
spectra of the Si-CigHsy and C-C18H37 NPs after their 
dispersion in the LPLs takes place, too, at 85 and 
60 meV, respectively. 

The observed PL changes of the NPs after their disper- 
sion in the LPLs can be explained by reduction of the 
Forster resonant energy transfer (FRET) efficiency be- 
tween NPs of different sizes. Indeed, the electronic inter- 
action between the NPs in powder state in air is very 
strong because they are situated close to each other. It 
leads to higher FRET probability from small NPs with 
larger bandgaps toward big NPs having smaller band- 
gaps. Thus, the small NPs are optically inactive from 
photo-stimulated emission point of view. In contrast. 
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Figure 3 Temperature dependences of PL maximum energy position (left) and the integral PL intensity (right). Si-CigHsy (A) and C-CigHsy 

(B) NPs dispersed in squalane. Excitation energy is 2.54 eV. 
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Figure 4 Dependence of the PL maximum energy position (left) and the integral PL intensity (right). Si-CisHgyNPs dispersed in squalane 
upon irradiation time at different excitation power: 10 mW (A) and 50 mW (B). Room temperature, excitation energy is 2.54 eV. 



they are more efficiently separated from each other after 
their dispersion in LPLs. Indeed, since the probability of 
the FRET event depends strongly on the distance D be- 
tween two particles (approximately D"^), the resulting 
probability of the energy transfer in this case is dramat- 
ically reduced. Thus, the probability of the radiative re- 
combination of the photoexcited charge carriers in the 
smaller NPs is considerably enhanced. Consequently, 
they become optically active and give their contribution 
in the PL spectrum resulting in the observed blue shift 
and broadening. Since no influence of the LPL nature on 
PL properties of the NPs dispersed in them was 
observed (see Figure 2 and corresponding discussion 
above), the FRET mechanism appears as the most 
preponderant. 

Figure 3 shows the influence of ambient temperature 
on PL properties of the Si-CigHsy and C-C18H37 NPs 
dispersed in squalane (Figure 3A,B, respectively). Heating 
of the colloidal solutions in 20°C to 100°C temper- 
ature range leads to PL quenching for both Si-CigHsy 
and C-C18H37 NPs because the probability of non- 
radiative recombination of charge carriers due to 
temperature-induced dissociation of excitons increases. 
However, the thermal effect on spectral shifts of the PL 
maxima of the Si-CigHsy and C-C18H37 NPs are quite 
different, which are -0.18 and + 0.05 meV/°C, respect- 
ively. As one can see, the Si-based NPs are about three 
times more sensitive than the C-based NPs. In general, 
the signs and values of the observed thermal sensitivity 
are conditioned by more or less important influence of 
temperature on (1) energy position of the electronic 
states involved in radiative transitions and (2) their 
density- dependent population by the photogenerated 
charge carriers. Obviously, both these reasons seem to 
play different roles for the Si-CigHsy and C-C18H37 NPs. 

Figure 4 gives an idea on the photostability of Si-CigHsy 
NPs dispersed in squalane at two excitation power levels: 
10 mW (Figure 4A) and 50 mW (Figure 4B). At a lower 
excitation power, continuous laser irradiation for 60 min 
does not influence both intensity and maximum position 
of the PL maxima, while quite remarkable photobleaching 



effect is observed under the higher excitation power. It 
means that starting from a given threshold of the photoex- 
citing power, squalane with its relatively low thermal con- 
ductivity (120 mW/m-K) does not ensure an efficient heat 
evacuation from the luminescing NPs. Consequently, the 
laser-induced heating of the NPs takes place, and photo- 
chemical reactions between the NPs and squalane are re- 
sponsible for the observed photobleaching effect. 

Conclusions 

Surface chemical modification of Si and C NPs by alkyl 
chains has succeeded. Perfectly stable and homogeneous 
colloidal solutions of these NPs in LPLs were obtained. 
Influence of LPLs, ambient temperature, and irradiation 
time on PL properties of the NPs was investigated. The 
linear temperature-dependent integrated PL intensity 
and spectral position paves the way for the application 
of this kind of colloidal solutions as temperature- 
sensitive media. Furthermore, the use of photoexciting 
power values under a critical threshold (for example, 
10 mW for Si-CigHsy NPs dispersed in squalane) 
ensures necessary photostability of the colloidal solu- 
tions for temperature estimation applications. 
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